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Cohesin is essential for the hierarchical organization
of the eukaryotic genome and plays key roles inmany
aspects of chromosome biology. The conformation
of cohesin bound to DNA remains poorly defined,
leaving crucial gaps in our understanding of how
cohesin fulfills its biological functions. Here, we use
single-molecule microscopy to directly observe the
dynamic and functional characteristics of cohesin
bound to DNA. We show that cohesin can undergo
rapid one-dimensional (1D) diffusion along DNA,
but individual nucleosomes, nucleosome arrays,
and other protein obstacles significantly restrict its
mobility. Furthermore, we demonstrate that DNAmo-
tor proteins can readily push cohesin along DNA, but
they cannot pass through the interior of the cohesin
ring. Together, our results reveal that DNA-bound co-
hesin has a central pore that is substantially smaller
than anticipated. These findings have direct implica-
tions for understanding how cohesin and other SMC
proteins interact with and distribute along chromatin.
INTRODUCTION
Cohesin has important roles in establishing the high-order orga-
nization of the eukaryotic genome, principally in coordinating the
alignment and cohesion of sister chromatids prior to chromo-
some segregation, and is also crucial for regulating gene expres-
sion, DNA repair, and DNA replication (Dorsett and Stro¨m, 2012;
Dowen and Young, 2014; Michaelis et al., 1997; Mizuguchi et al.,
2014; Sjo¨gren andNasmyth, 2001;Wendt et al., 2008). Defects in
either cohesin or its regulatory factors can lead to chromosome
nondisjunction and aneuploidy. Furthermore, mutations in hu-
man cohesin give rise to severe developmental disorders, such
as Cornelia de Lange or Roberts syndrome (Horsfield et al.,
2012; Krantz et al., 2004), and have also been implicated in
myeloid leukemogenesis (Kon et al., 2013).
Cohesin consists of twomembers of the SMC (structural main-
tenance of chromosomes) family: Smc1 and Smc3 (Psm1 and
Psm3 in S. pombe), which form anti-parallel coiled coils that
dimerize at a central hinge. The terminal regions of Smc1 and
Smc3 fold into nucleotide-binding head domains (Nasmyth,988 Cell Reports 15, 988–998, May 3, 2016 ª2016 The Authors
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heads are bridged by Mcd1 (Rad21 in S. pombe), which is pre-
dicted to be largely unstructured, and contains binding sites
for Scc3 and Pds5 (Chan et al., 2013; Roig et al., 2014), forming
a tripartite ring-like complex (Gligoris et al., 2014) (Figure 1A).
Cohesin is enriched at centromeres and clusters along chro-
mosome arms at 10-kbp intervals at AT-rich cohesion-associ-
ated regions (CARs) (Blat and Kleckner, 1999; Glynn et al., 2004;
Laloraya et al., 2000). Cohesin is loaded by Scc2/4 (Mis4/Ssl3 in
S. pombe) and is thought to spread into flanking genomic re-
gions by one-dimensional (1D) diffusion (Ocampo-Hafalla and
Uhlmann, 2011). In both S. cerevisiae and S. pombe, cohesin
is also enriched at sites of convergent transcription even though
many of these sites lack the loader, suggesting that the tran-
scriptional machinery may push cohesin to these locations
(Glynn et al., 2004; Gullerova and Proudfoot, 2008; Lengronne
et al., 2004). Thus, the in vivo distribution of cohesin is thought
to arise from its interactions with the loader and from the ability
of cohesin to move along chromatin.
Cohesin links sister chromatids from S phase to the onset of
chromosome segregation. The establishment of sister chromatid
cohesion is generally thought of as a two-step process involving
stable DNA binding by cohesin, often prior to S phase, followed
by tethering of the two sister chromatids in S phase (Nasmyth,
2011). Electron microscopy (EM) studies reveal that cohesin
can exist in its DNA-free form as a ring-like complex with a large
central pore30–40 nm in diameter (Huis in ’t Veld et al., 2014). It
has been hypothesized that cohesin rings establish sister chro-
matid cohesion by topologically embracing the two DNA strands
(Gligoris et al., 2014; Nasmyth, 2011; Nasmyth and Haering,
2009), and it has also been proposed that this establishment
occurs by the passage of a replication fork through the ring (Len-
gronne et al., 2006). However, alternative models for cohesion
invoke bridging interactions between different cohesin com-
plexes bound to each of the two sister chromatids (Huang
et al., 2005; Zhang et al., 2008). Interestingly, the ring-like struc-
ture reported for cohesin in the absence of DNA is distinct from
the more rod-like conformations exhibited by many other SMC
proteins (Soh et al., 2015). A major impediment to understanding
cohesion, as well as the understanding of the many other biolog-
ical roles of cohesin, has been the lack of evidence for the confor-
mational state of DNA-bound cohesin and the overall poor under-
standing of how cohesin behaves while bound to DNA.
The characteristics of cohesin bound toDNA remain poorly un-
derstood, cohesin-loader interactions have not been thoroughlycommons.org/licenses/by/4.0/).
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Figure 1. Single-Tethered DNA Curtain Assays for Visualizing
Cohesin
(A) Illustration of cohesin.
(B) Schematic of a single-tethered DNA curtain.
(C) Image of a single-tethered DNA curtain bound by cohesin. DNA molecules
are in green, and cohesin is in magenta.
(D) Binding distribution of cohesin on l-DNA (lwt). The black line illustrates the
%A/T content. (E) Binding distribution of cohesin on l-DNA harboring a 3-kb
CAR insert (lCAR). The arrowhead highlights the new peak of cohesin binding,
which is attributed to association with CAR.
See also Figure S2A.characterized, andwhile there is evidence for topological binding
(Gligoris et al., 2014; Ivanov and Nasmyth, 2005; Nasmyth and
Haering, 2009; Ocampo-Hafalla and Uhlmann, 2011; Onn and
Koshland, 2011), neither the size of the pore of the DNA-bound
complex nor the diffusive characteristics of cohesin are known.
To address these issues, we sought to visualize the behavior of
cohesin bound to individual molecules of DNA in real time. Our
findings support a model in which cohesin is topologically bound
to DNA but exhibits characteristics most consistent with a small
pore diameter, suggesting amore rod-like binding configuration.
These findings have direct implications for understanding how
cohesin interacts with chromatin.RESULTS
Cohesin Is Targeted to A/T-Rich Regions and CAR
Sequences
We purified tetrameric S. pombe cohesin (Psm1, Psm3, Psc3,
and Rad21; Figure 1A) and loader (Mis4/Ssl3) as described pre-
viously (Murayama and Uhlmann, 2014) and performed bulk
biochemical experiments to ensure that these purified com-
plexes reproduce previously identified properties. Purified cohe-
sin showed basal ATP hydrolysis activity that was stimulated by
Mis4/Ssl3, as expected (Murayama and Uhlmann, 2014), and
also formed complexes resistant to washes of 500 mM KCl on
DNA coupled to magnetic beads (Figures S1A and S1B), as pre-viously reported in vitro (Murayama andUhlmann, 2014; Onn and
Koshland, 2011) and in vivo (Ciosk et al., 2000).
To visualize individual molecules of cohesin, we first incu-
bated Mis4/Ssl3 and cohesin with l-DNA (48.5 kb) in the
presence of 0.5 mM ATP. The cohesin-bound DNA molecules
were then anchored to a lipid bilayer deposited onto a flow-
cell surface and aligned into single-tethered DNA curtains us-
ing nano-fabricated barriers, as previously described (Fig-
ure 1B) (Greene et al., 2010). The DNA was stained with
YOYO1 and visualized by total internal reflection fluorescence
(TIRF) microscopy. Cohesin was labeled with quantum dots
(QDs) targeted against the 3xV5 tag on Psm3 (Figure 1C).
The correlated movement of labeled protein with the DNA
upon changes in flow rate allowed us to confirm that all
identified proteins were bound to DNA and not adsorbed to
the flow-cell surface. The loading efficiency was dependent
on the concentration of monovalent salt, requiring at least
10 mM KCl, but was inhibited at concentrations exceeding
80 mM KCl, suggesting that electrostatic interactions may
play a role in the recruitment of cohesin to DNA.
These experiments revealed that cohesin preferentially local-
izes to one half of the l-DNA (Figure 1D). The localization
positions are highly correlated (Pearson’s r = 0.90) with A/T
nucleotide content (Figure 1D), consistent with the behavior of
cohesin in vivo (Blat and Kleckner, 1999; Glynn et al., 2004; La-
loraya et al., 2000). We also determined the binding distribution
of cohesin on l-DNA containing a native 3-kb CAR sequence
(lCAR) insert that was shown to be cohesin enriched in vivo
(Laloraya et al., 2000). Remarkably, cohesin also preferentially
localized to the CAR insert, suggesting that the observed
in vitro binding distribution reflected the physiological behavior
of cohesin and its preference for A/T-rich sites (Figure 1E), inde-
pendently of DNA orientation (Figure S2A).
Cohesin Is Highly Stable under a Wide Range of Salt
Conditions
Experiments on double-tethered DNA curtains, where the free
end of the lCAR-DNA molecule was anchored to chromium ped-
estals (Gorman et al., 2010; Greene et al., 2010), allowed us to
observe DNA bound cohesin in the absence of buffer flow (Fig-
ure 2A). After assembly, free and weakly bound proteins were
flushed from the sample chamber. As in the single-tethered
case, cohesin preferentially bound to A/T-rich regions of the
DNA (Figure 2B). To test the stability of these complexes under
a wide range of buffer conditions, we then exchanged the sam-
ple buffer with buffer (±0.5 mMATP) at various concentrations of
KCl, stopped the flow, andmeasured the lifetimes of DNA-bound
complexes. The survival probabilities of cohesin after buffer ex-
change followed single exponential distributions, indicating that
the molecules dissociate from the DNA through a single mecha-
nism (Figure 2C). While the addition of ATP had little or no impact
on the number of binding events in single-molecule experiments
or in bulk (Figures S1C and S1D), the presence of ATP yielded a
1.5-fold increase in the cohesin lifetime relative to experiments
without ATP (Figure 2D). In addition, stable cohesin remained
tightly bound to the DNA even at the highest KCl concentration
tested, exhibiting a lifetime of 13 ± 3 min at 500 mM KCl (Figures
2C and 2D). Thus cohesin binding to DNA curtains reproducesCell Reports 15, 988–998, May 3, 2016 989
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Figure 2. Double-Tethered DNA Curtain Assays for Visualizing Co-
hesin in the Absence of Flow
(A) Schematic of a double-tethered DNA curtain.
(B) Images of QD-tagged cohesin (magenta) bound to YOYO1-stained DNA
(green).
(C) Survival probability plots of cohesin at different KCl concentrations.
(D) Lifetimes of cohesin on DNA at various concentrations of KCl in the
absence or presence of ATP.
(E) Initial binding positions of cohesin on lCAR ± Mis4/Ssl3.
(F) Transient binding lifetimes of cohesin on lCAR ±Mis4/Ssl3. Only complexes
that dissociated during the time of the experiment (non-topologically loaded
complexes) were counted.
Empty circles, ATP; filled circles, +ATP. Continuous lines are fits to a single
exponential (Mis4/Ssl3) or double exponential (+Mis4/Ssl3). Error bars are
68% confidence intervals.the characteristics of cohesin-DNA complexes assembled either
in vitro or in vivo (Ivanov and Nasmyth, 2005; Murayama and Uhl-
mann, 2014; Onn and Koshland, 2011).
Mis4/Ssl3 Increases the Transient Lifetime of Cohesin
on DNA
To further assess the relevance of the observed cohesin-DNA
complexes, we analyzed the impact of the loader on their assem-990 Cell Reports 15, 988–998, May 3, 2016bly. We injected QD-tagged cohesin into a flow cell with a preas-
sembled DNA curtain in the presence or absence of Mis4/Ssl3
and stopped the flow. We then measured the positions where
cohesin bound to DNA and the lifetime of these interactions.
While some cohesin binding was observed when Mis4/Ssl3
was absent, in the presence of Mis4/Ssl3, the number of cohesin
binding events was dramatically increased (Figure 2E). These
findings are similar to results reported previously for the assem-
bly of cohesin with DNA in solution (Murayama and Uhlmann,
2014), suggesting that cohesin has an intrinsic ability to bind
DNA and that this activity is enhanced by Mis4/Ssl3. The initial
binding positions showed a strong preference for A/T-rich re-
gions, suggesting that the observed A/T preference in equili-
brated in vitro experiments (Figure 1) and in vivo (Blat and Kleck-
ner, 1999; Glynn et al., 2004; Laloraya et al., 2000) is not a result
of cohesin molecules that become loaded elsewhere and then
transported, be it actively or passively, to A/T-rich regions.
Instead, cohesin preferentially associates with DNA directly at
the A/T-rich sites.
To characterize the stability of each subpopulation, we deter-
mined their lifetimes. Without loader, we identified two classes
of interactions: highly stable complexes (as described above)
that persisted throughout the observation (t R 10 min) and
transient complexes that exhibited a lifetime of just 32 ± 7 s
(Figure 2F). With loader present, we also observed a third class
with an extended transient lifetime of 5 ± 1 min (Figure 2F), indi-
cating that this longer-lasting interaction is a signature of a
Mis4/Ssl3-mediated loading intermediate. Interestingly, even
though Mis4/Ssl3 can stimulate the ATP hydrolysis rate of co-
hesin (Murayama and Uhlmann, 2014), the lifetimes of the
loading intermediates identified did not require ATP (Figure 2F),
suggesting that ATP hydrolysis does not contribute at this
stage of loading.
Individual Cohesin Complexes Diffuse on DNA
Many properties of cohesin are attributed to its ability to diffuse
on DNA (Ocampo-Hafalla and Uhlmann, 2011), but the diffusive
characteristics of cohesin remain unknown. DNA curtains offer
the ability to measure the diffusive properties of cohesin through
direct observation. When visualized at low monovalent ionic
strength (0 mM KCl), cohesin diffused slowly along the DNA
and displayed a preference for localizing to A/T-rich regions (Fig-
ures 1C and 2B). When the ionic strength was increased, a vary-
ing fraction (50%–90%) quickly dissociated, while the remain-
ing proteins began diffusing rapidly along the DNA (Figures 3A
and S3A). The observed diffusion coefficients increased with
increasing ionic strength (Figure 3B) but were independent of
ATP (Figure S3B), in agreement with recent findings on the bac-
terial SMC complex BsSMC (Kim and Loparo, 2016). The theo-
retical upper limit for the diffusion of QD-tagged cohesin is deter-
mined by the diameter of the QD (19.5-nm; Figures S3C and
S3D), corresponding to a diffusion coefficient of 23 mm2/s
(assuming that cohesin does not track the helical trajectory of
the phosphate backbone). Intriguingly, the diffusion coefficient
for QD-tagged cohesin at 500 mM KCl was 3.8 ± 0.2 mm2/s,
which approaches the theoretical limit for free diffusion and is
significantly larger than the upper limit for rotational diffusion
along the backbone of 0.03 mm2/s (Bagchi et al., 2008; Blainey
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Diffusion
(A) Kymograph showing cohesin bound at 0 mM
KCl and then chased with 500 mM KCl.
(B) Cohesin diffusion coefficients as a function of
ionic concentration.
(C and D) Cohesin diffusion coefficients at different
regions of lCAR at 0 mM KCl (C) and 500 mM KCl
(D) (see Supplemental Experimental Procedures).
(E) End-dependent cohesin dissociation from a
single-tethered DNA when chased with 250 mM
KCl; note that YOYO1 is displaced at high salt.
(F) Cohesin binding distributions prior to KCl arrival
(gray bars) and the locations from which cohesin
dissociated when chased with high KCl; orange
bars include the total population, including pro-
teins that immediately dissociated; and red bars
correspond to the dissociation positions of pro-
teins that are pushed along the DNA. See also
Figure S2B.
(G) Kymograph showing cohesin on a double-
tethered DNA in 500-mM KCl during reiterative
pulses of buffer flow.
Error bars represent 68% confidence intervals.et al., 2009), suggesting that cohesin makes only weak contact
with the DNA. Remarkably, the lifetime of cohesin is still
10 min under these conditions, consistent with expectations
for a topologically closed ring.
The strong A/T-binding preference of cohesin raises the
question of whether cohesin might also diffuse differently on
A/T-rich versus G/C-rich regions of DNA. Indeed, at low ionic
strength, cohesin displayed significantly slower diffusion in
A/T-rich regions relative to G/C-rich regions (Figure 3C), but
the sequence-dependent differences vanished at 500 mM KCl
(Figure 3D). This sequence-dependent diffusion is likely a conse-
quence of salt-dependent interactions between cohesin and
DNA and, together with the A/T-binding preference of Mis4/
Ssl3, may explain why cohesin accumulates at A/T-rich regions
of the genome (Blat and Kleckner, 1999; Glynn et al., 2004; Lalor-
aya et al., 2000).
Cohesin Is Topologically Loaded on DNA
Models invoking a topological binding mechanism in which co-
hesin encircles DNA predict, first, that the dissociation of freely
diffusing cohesin complexes should occur preferentially from
free DNA ends, and, second, that dissociation should not occur
when these ends are blocked. We tested the first prediction us-
ing single-tethered DNA curtains (Figures 3E and 3F). Cohesin
was initially loaded onto lCAR DNA at 30 mM KCl and then
chased with buffer containing 250 mM KCl. As expected, the
binding distribution of cohesin at low salt was dictated by A/T
content (Figure 3F). Upon switching the buffer to high salt,
some cohesin dissociated directly into solution, without movingCalong the DNA. However, flow-induced
hydrodynamic force pushed the remain-
ing complexes rapidly along the DNA.
Figure 3F shows dissociation position
histograms for all tracked complexes,
including the rapidly dissociating fraction (orange) and the sub-
set of complexes that were pushed along DNA (red). These
data indicate that cohesin dissociates from free DNA ends, as
expected from sliding of a topologically closed ring.
Next, we used double-tethered curtains to determine whether
blocking the DNA ends prevented dissociation. Cohesin was
loaded onto double-tethered DNA at low ionic strength, and
the sample chamber was flushed with buffer containing
500 mM KCl. In the absence of flow cohesin diffused rapidly
along the DNA (Figure 3G). However, iterative pulses of buffer
flow pushed cohesin to the anchored DNA ends but did not
cause cohesin to dissociate into solution. Instead, cohesin
resumed diffusing along the DNA as soon as buffer flow was
stopped (Figure 3G). These results, along with the finding that
cohesin remains bound to DNA for extended periods of time at
high ionic strength, even though its rapid diffusion suggests it in-
teracts only weakly with DNA, suggest that diffusive cohesin
complexes are topologically bound to DNA.
We also used our characterization of cohesin’s diffusion on
DNA to estimate the salt-screenable electrostatic interaction
energy with DNA (Slutsky and Mirny, 2004) (Supplemental
Experimental Procedures; Figure S3E). This interaction energy
by itself is insufficient to keep cohesin bound to DNA for more
than a fewmilliseconds. The experimentally determined long life-
time of cohesin on DNA therefore argues for an additional energy
contribution that keeps cohesin bound. Our analysis shows that
this energy is much higher than the electrostatic interaction en-
ergy and independent of salt concentration, as expected from
a topological interaction (Figure S3F).ell Reports 15, 988–998, May 3, 2016 991
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Figure 4. Obstacles Restrict the Movement of Cohesin
(A) Experimental design; concentric red circles depict obstacles of varying
diameters (see Figures S3D and S5).
(B) Kymographs showing cohesin (green) diffusion along DNA (unlabeled)
covalently tagged with digoxigenin (Dig) and digoxigenin coupled to a QD
(magenta).
(C) Cohesin diffusing on DNA bound by EcoRIE111Q; the locations of the five
EcoRI sites are highlighted. See also Figure S6A.
(D) Kymographs showing cohesin (green) diffusion along DNA (unlabeled)
bound by unlabeled dCas9 or dCas9 labeled with a QD (magenta). See also
Figure S6B.
(E) Permeability index m(x) plots for cohesin on naked DNA, DNA bound by
unlabeled EcoRIE111Q, and DNA bound by unlabeled dCas9 targeted to two
different locations. Illustrations depict DNA orientation, and magenta dots
show the locations of the EcoRIE111Q and dCas9.
992 Cell Reports 15, 988–998, May 3, 2016CAR Sites Do Not Cause a Different Mode of Cohesin
Binding
The previously described single-tethered sliding assay allowed
us to test if cohesins that are loaded at native CAR sites are like-
lier to slide on DNA (that is, likelier be topologically loaded) than
cohesins loaded elsewhere. Such a result could be expected if
the sequence context of CAR sites causes enhanced topological
loading. However, tracking of cohesin that dissociated from the
free DNA end revealed that their initial binding position was
solely predicated by A/T content, and complexes loaded at
CAR behaved similarly to those loaded elsewhere on the DNA
(Figure S2B). We conclude that cohesin loaded at CAR sites
are biochemically indistinguishable from cohesin loaded else-
where on the DNA.
Mis4/Ssl3 Diffuses on DNA
The DNA curtain assay also allowed us to test the DNA binding
properties of the loader complex Mis4/Ssl3. We began by as-
sessing the binding of QD-tagged Mis4/Ssl3 in the absence of
cohesin. Mis4/Ssl3 bound to and diffused slowly along the
DNA, exhibiting a lifetime of 20 ± 2 min and a 1D diffusion coef-
ficient of 0.016 ± 0.003 mm2/s (Figures S4A and S4B). Mis4/Ssl3
also preferentially bound A/T-rich regions (Figure S4C), but most
of the protein (85%–97%) dissociated when chased with
500 mM KCl (Figure S4D). The finding that Mis4/Ssl3 shows a
preference for A/T-rich DNA and can also undergo 1D diffusion
suggests the possibility that some cohesin may remain associ-
ated with the loader while bound to DNA. Indeed, cohesin and
loader often colocalize on chromatin (Kogut et al., 2009; Len-
gronne et al., 2004), and a small fraction of Mis4/Ssl3 resists
dissociation from DNA at 500 mM KCl in our bulk and single-
molecule assays (Figures S1G and S4). However, the diffusive
properties and localization of cohesin in the absence or presence
of loader were identical, suggesting that cohesin was not indi-
rectly bound to DNA through its association with Mis4/Ssl3.
Consistent with this conclusion, wewere unable to detect persis-
tent co-localization of cohesin and Mis4/Ssl3 on the DNA.
Collision Experiments Reveal a Small Pore Size
Popular models suggest that cohesin exists as a ring-like struc-
ture with a large central pore that is big enough to incorporate
two chromatin fibers (Haarhuis et al., 2014; Nasmyth and Haer-
ing, 2009). To measure the functional diameter of the pore we
asked whether cohesin could diffuse past obstacles of varying
diameters located at defined positions on the DNA (Figure 4A).
We first tested whether cohesin is capable of diffusing past di-
goxigenin (diameter 1–2 nm) that was covalently linked to the
DNA (see Supplemental Experimental Procedures). These ex-
periments revealed that cohesin could diffuse freely past digox-
igenin (Figure 4B). In striking contrast, digoxigenin that was
labeled with a QD (diameter19.5 nm) acted as an impenetrable
barrier to cohesin diffusion (Figure 4B). This result indicates that
the pore size is smaller than the 30–40 nm diameter implied by
EM studies (Huis in ’t Veld et al., 2014).
Next, we tested whether cohesin is capable of diffusing past
DNA-bound proteins of intermediate diameters, including cata-
lytically inactive versions of EcoRI (EcoRIE111Q; diameter
6.4 nm) and dCas9 (diameter 10.6 nm) (Figure S5). Cohesin
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Figure 5. Influence of Motor Proteins and Nucleosomes on Cohesin
(A) Experimental design to test whether FtsK can pass through or push
cohesin.
(B) Kymographs showing that FtsK (±QD; magenta) can push cohesin (green)
along DNA. Arrows indicate pushes.
(C) Experimental design to determine whether cohesin can bypass nucleo-
somes.
(D) Kymograph showing cohesin on DNA bound by single (unlabeled) nucle-
osomes. The position of the nucleosome is indicated. Arrows indicate transient
pauses at the nucleosome. See also Figure S6C.
(E) Permeability index m(x) for cohesin on DNA bound by single nucleosomes;
asterisks show the locations of the nucleosomes.
(F) Kymograph showing diffusion of cohesin along DNA occupied by 10–50
nucleosomes.could diffuse past unlabeled EcoRIE111Q and dCas9 but was un-
able to bypass QD-tagged dCas9 (Figures 4C and 4D). Inspec-
tion of the diffusion trajectories revealed evidence of semiperme-
able barriers that hindered the diffusion of cohesin at positions
coincident with the binding sites for unlabeled EcoRIE111Q and
dCas9 (Figures 4C, 4D, S6A, and S6B), revealing the locations
of these proteins even though they were not fluorescently
labeled. To more precisely define the sites of hindered diffusion
we calculated the permeability index profile m(x) for individual
diffusion trajectories at each position on the DNA (see Supple-
mental Experimental Procedures). A freely diffusing molecule
will yield a permeability index of m = 1, whereas obstacles that
hinder diffusion will be revealed as dips in the permeability index
(Figure S7A). Permeability index profiles of naked DNA showed
no evidence for hindered diffusion (Figure 4E). In contrast, cohe-
sin diffusion on DNA bound by either EcoRIE111Q or dCas9 re-
vealed semipermeable diffusion barriers at the binding sites for
EcoRIE111Q or dCas9 (Figures 4E and S6E). Our results show
that cohesin is able to bypass a barrier of 10.6 nm in diameter
but is unable to overcome a 19.5-nm obstacle. We conclude
that DNA-bound proteins can significantly hinder the diffusion
of cohesin relative to its behavior on naked DNA.
Cohesin Can Be Pushed by DNA Motor Proteins
Cohesin is abundant at sites of convergent transcription in yeast,
and it has been suggested that RNA polymerasemay push cohe-
sin to these locations (Glynn et al., 2004; Gullerova and Proud-
foot, 2008; Lengronne et al., 2004; Ocampo-Hafalla and Uhl-
mann, 2011). As a direct test of the plausibility of this model,
we sought to determine whether a DNAmotor protein is capable
of pushing cohesin. As a proxy for the transcriptional machinery,
we chose FtsK (diameter12.6 nm), which is a highly processive
translocase capable of dislodging other proteins from DNA (Lee
et al., 2014; Marquis et al., 2008) (Figure 5A). We asked whether
FtsK could push cohesin at low ionic strength, where cohesin ex-
hibits the least mobility, ensuring that we could distinguish FtsK-
induced movement from the translocase-independent diffusion
of cohesion observed at higher ionic strength. Remarkably,
FtsK could push cohesin for several kilobases (Figure 5B),
even though cohesin alone exhibits relatively little mobility under
these conditions. FtsK moves on DNA in a characteristic zigzag
pattern and randomly changes direction (Lee et al., 2014). Impor-
tantly, cohesin was left behind at the sites where FtsK changed
direction, confirming that the motor-inducedmovement of cohe-
sin was due to a pushing force and that cohesin remained bound
to the DNA while being pushed by the translocase (Figure 5B).
We conclude that cohesin is readily pushed by a model DNA
translocase. The inability of FtsK to bypass cohesin suggests
that DNA motor proteins with diameters exceeding 13 nm
would not be able to pass through the cohesin ring.
Chromatin Restricts the Movement of Cohesin
Nucleosomes are likely the most common DNA-bound obstacle
encountered by cohesin in vivo. Therefore, we next asked
whether cohesin is capable of diffusing past individual nucleo-
somes (Figure 5C). Interestingly, cohesin was able to diffuse
past unlabeled nucleosomes (Figures 5D and S6C) but similar
to what was observed for EcoRIE111Q and dCas9, the individualCell Reports 15, 988–998, May 3, 2016 993
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Permeabilities from Diffusion Trajectories
of Single-Cohesin Complexes on Obstacle-
Bound DNA
(A) Trajectory of cohesin diffusing on DNA with a
dCas9 roadblock bound at the indicated position
(arrow). We collect the dwell times of cohesin in the
domain on top (cyan) and below (magenta) the
obstacle.
(B) Survival plot of the determined dwell times with
fits to a diffusive bypass model (see the Supple-
mental Experimental Procedures). The dashed line
shows the expected outcome for no roadblock
ðk=NÞ, corresponding to frequent crossings of the
indicated position.
(C–E) Log-likelihood D ln L= ln LðkÞ  ln LðNÞ
as a function of the permeability k for sin-
gle obstacles of dCas9, EcoRIE111Q, and
nucleosome. Peaks (arrows) determine the
likeliest value of k (72 ± 10 nm/s for dCas9; 36 ± 7 nm/s for EcoRIE111Q; 38 ± 14 nm/s for nucleosomes).
(F) Ratio of the effective diffusion coefficient to the unhindered diffusion coefficientDN=D0 on DNA coveredwith obstacles (of the size of a nucleosome) as a function
of spacing between the obstacles. Shaded area: 68% prediction interval.nucleosomes acted as semipenetrable barriers that hindered
diffusion (Figure 5E). The finding that a single nucleosome could
hinder cohesin diffusion suggested that additional nucleosomes
might have an even more pronounced effect. Indeed, the diffu-
sion of cohesin was greatly restricted by higher density nucleo-
some arrays (Figure 5F), strongly suggesting that chromatin
will substantially reduce cohesin movement along DNA in vivo.
Having observed that the diffusion of cohesin across single-
protein obstacles is hindered, we next sought to establish the
effect of DNA covered with many protein obstacles on the diffu-
sivity of cohesin. The highly restricted movement of cohesin
observed on nucleosome arrays made it difficult to more quanti-
tatively address how the diffusivity of cohesin was impacted on
these crowded substrates. Instead, we quantified the extent to
which a single-protein obstacle hindered the diffusion of cohesin
and then used this information to more precisely predict how
more crowded settings would impact the movement of cohesin
along DNA. The frequency of obstacle crossings is directly
related to an obstacle’s microscopic permeability, k (Novikov
et al., 2011), a quantity closely related to the permeability index
m (see the Supplemental Experimental Procedures). This can
be intuitively understood by considering that highly permeable
obstacles will be more frequently crossed than less permeable
or impermeable obstacles. Therefore, we recorded diffusion tra-
jectories of cohesin on DNA bound by single-protein roadblocks
to extract the time that cohesin spends freely diffusing until it
crosses an individual roadblock (Figures 6A and 6B). Using a
maximum likelihood procedure, we validated that in the absence
of roadblocks, cohesin showed unhindered diffusion (Fig-
ure S7B), and we established an upper limit for the microscopic
permeability of quantum dots (Figure S7C). We then determined
the microscopic permeabilities for individual molecules of
dCas9, EcoRIE111Q, and nucleosomes (Figures 6C–6E). All three
obstacles yielded similar permeabilities (Figures 6C–6E), which
allowed us to determine the effective reduction of the diffusion
coefficient for cohesin on highly crowded substrates bearing
randomly distributed protein obstacles separated from one994 Cell Reports 15, 988–998, May 3, 2016another by a defined average distance (Figure 6F) and verify
the effect of reduced diffusion qualitatively in simulations (Fig-
ure S7D). The average length of the linker DNA between adjacent
nucleosomes in S. pombe is 20 bp (Moyle-Heyrman et al.,
2013), whichwould yield a3,000-fold reduction in the diffusivity
of cohesin relative to its movement on naked DNA (Figure 6F).
This finding highlights the impact that crowded physiological
settings are anticipated to have on the diffusive motion of cohe-
sin bound to DNA. Interestingly, while the observed hindrance
likely prevents diffusive spreading over whole chromosomes, it
would still allow cohesin to travel over intermediate distances
on biologically relevant timescales. We estimate that within
1 hr, cohesin may still spread by diffusion over distances of up
to 7 kb on chromatin.
DISCUSSION
Here, we have established a single-molecule microscopy assay
to directly visualize and characterize single cohesin complexes
bound to DNA. Our experiments recapitulate many physiological
characteristics of cohesin and also provide crucial insights into
how cohesin interacts with DNA and chromatin.
Factors Influencing the Distribution of Cohesin
Cohesin is not homogeneously distributed along chromosome
arms but instead is located primarily in A/T-rich regions (Blat
and Kleckner, 1999; Glynn et al., 2004; Laloraya et al., 2000).
The mechanisms contributing to these observed in vivo distribu-
tions remain poorly understood. Importantly, our results recapit-
ulate the physiological preference of cohesin for A/T-rich DNA,
and we find that cohesin interacts directly or indirectly with
A/T-rich regions in multiple ways. First, cohesin directly binds
to DNA from solution at A/T-rich sequences. Second, the Mis4/
Ssl3 loader also showed preference for A/T-rich sequences
and enhanced the loading of cohesin at these sites. Third,
the diffusion of cohesin on DNA is correlated with A/T content
at low ionic strength, and its diffusion is slowed on A/T-rich
AB
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Figure 7. Interaction Models between Cohesin and DNA
(A) Model for cohesin loading. Cohesin alone shows only short transient
binding events with DNA. Mis4/Ssl3 increases both the lifetime and number of
these initial binding events, thus promoting the intrinsic ability of cohesin to
topologically load onto DNA.
(B) Illustrations showing the small and large pore models for cohesin.
(C) Model for sister chromatid cohesion establishment by passage of the re-
plisome through the cohesin ring (Lengronne et al., 2006).
(D) Models for sister chromatid cohesion by dimeric rings that do not require a
large central pore (Huang et al., 2005; Zhang et al., 2008).sequences. We propose that the combination of these three
interaction mechanisms contribute to the accumulation of cohe-
sin in A/T-rich regions on chromosomes.
Chromatin immunoprecipitation data have also revealed that
some cohesin peaks in vivo did not superimpose with loader
peaks (Kogut et al., 2009; Lengronne et al., 2004), suggesting
that cohesin maymove away from sites where they were loaded.
Cohesin was often found at sites of convergent transcription
(Glynn et al., 2004; Lengronne et al., 2004), suggesting that tran-
scribing RNA polymerases might be pushing cohesin along
chromatin. Our experiments demonstrate that cohesin can bepushed by a motor protein comparable in size to RNA polymer-
ase, suggesting that transcription-induced mobility is a feasible
scenario for the localization of cohesin at sites of convergent
genes. In addition, we show that free diffusion of cohesin on
chromatin is highly restricted, supporting the notion that the
removal of histones from actively transcribed genes may
facilitate re-localization of cohesin toward regions of convergent
transcription. Interestingly, it has been recently found that the
maintenance of nucleosome-free regions in yeast is also medi-
ated by the loader (Lopez-Serra et al., 2014), suggesting that
the loader may facilitate dispersal of cohesin away from the sites
where it is initially loaded.
Mechanism of DNA Loading
The loading of cohesin in vivo is dependent on the loader (Ciosk
et al., 2000), and experiments done in vitro have shown that the
loader can substantially increase the amount of cohesin bound
to DNA (Murayama and Uhlmann, 2014). Here, we confirm this
finding in a bead-based pull-down assay and in single-molecule
experiments, and we further demonstrate that Mis4/Ssl3 facili-
tates the loading of free cohesin onto DNA by extending the
time cohesin remains bound to DNA before it can convert to a to-
pologically bound conformation (Figure 7A). Our data suggest that
individual cohesin complexes can transiently bind to DNA for
short times (t 30 s), but only a fraction of these interactions
convert into a stable topologically loaded form before dissocia-
tion. Mis4/Ssl3 enhances the number of binding events and also
gives rise to a new loading intermediate with a longer lifetime (t
5 min), thereby promoting the probability of forming topologi-
cally bound complexes (t R 10 min) by increasing the overall
time that cohesin is associated with the DNA (Figure 7A). Future
work will be necessary to determine whether the emergence of
the second long-lived population stems from cohesin that inter-
acts with DNA-bound Mis4/Ssl3 or from cohesin-Mis4/Ssl3 com-
plexes that form in solution before interacting with DNA.
Interestingly, ATP had no influence on the lifetime of the
observed binding events, suggesting that ATP binding or hydro-
lysis is not involved in the initial recruitment of cohesin or the
Mis4/Ssl3-mediated loading intermediate. fluorescence recov-
ery after photobleaching (FRAP) studies in HeLa cells have
also identified short- and long-lived interactions of cohesin
with chromatin, with remarkably similar lifetimes to those found
in this study (Ladurner et al., 2014), suggesting that the dynamic
binding mode identified in FRAP experiments (Gerlich et al.,
2006; Ladurner et al., 2014) and the Mis4/Ssl3-dependent
loading intermediate identified here may be the same.
Cohesin Binds DNA in a Compact Conformational State
There is no detailed structural information available for cohesin
bound toDNA.However, EMhas provided coarse structural infor-
mation for freecohesin, showing that in theabsenceofDNAasize-
able proportion of molecules adopt a large ring-like conformation
(Anderson et al., 2002; Huis in ’t Veld et al., 2014). The stability of
cohesin-DNA interactions at high ionic strength (Ciosk et al.,
2000) and experiments where the interfaces of the tripartite ring
have been crosslinked (Gligoris et al., 2014; Haering et al., 2008)
suggest a topological bindingmodel where cohesinwraps around
the DNA. Our experiments corroborate this finding and show thatCell Reports 15, 988–998, May 3, 2016 995
single-cohesin complexes are topologically bound to bare DNA.
However, the inability of cohesin to bypass 20-nm-sized quan-
tumdotsand its hindereddiffusionwhenbypassingsmaller obsta-
cles challenge the idea that cohesin is bound toDNA ina large-ring
conformation. Instead, our data suggest that the size of the pore is
smaller than the 30–40 nm suggested by EM images in the
absence of DNA. Our data are most consistent with DNA binding
in a more constrained rod-like ring conformation (Figure 7B). To-
pological binding and a rod-like conformation do not contradict
each other as evidenced by condensin, a close relative of cohesin
thatexhibitsbothproperties (Baryszetal., 2015).Moreover,cross-
linking experiments have revealed that in the absence of DNA the
coiled coils of the cohesinSMCproteins,which form theperimeter
of the ring, come close to one another, either permanently or tran-
siently, for long enough periods of time to be chemically cross-
linked (Huis in ’t Veld et al., 2014). This finding directly implies
that rod-like conformations must exist at least metastably, even
in the absence of DNA. Interestingly, rod-like conformations
seem tobe the prevalent formobserved for condensin and several
other SMC complexes (Barysz et al., 2015; Soh et al., 2015). In
addition, the MRN (Mre11/Rad50/Nbs1) complex undergoes a
large conformational change from ring-like structure in solution
to a rod-like structure when it is bound to DNA (Moreno-Herrero
et al., 2005). Our data support the hypothesis that cohesin un-
dergoes a similar conformational transition into amore rod-like ar-
chitecture upon binding to DNA.
An alternative possibility is that the DNA may be bound in a
location outside of the coiled coil region and remains topologi-
cally trapped between the SMC heads and Rad21 (Figure 7B).
Support for this alternative possibility stems from structural
studies suggesting that in the SMC-like MRN complex, the
DNA-binding site on Rad50 is within the globular head domains
but is outside of the central pore formed by the Rad50 coiled-
coiled domains (Williams et al., 2008). Similarly, also in Smc5/
6, the DNA binds to a sub-complex interacting with the head do-
mains, outside of the coiled-coil pore (Zabrady et al., 2016).
Future work mapping the precise path of DNA through cohesin
will be necessary to test this alternative model.
Implications for Sister Chromatid Cohesion
The topological embrace model where two DNA strands are
captured topologically within the central pore of cohesin has
become popular. However, one important complication of this
model is that it requires the cohesin ring to undergo multiple
open and closing events. The first opening event would need
to occur during initial loading of cohesin onto the DNA prior to
S phase, and the second event would be necessary to allow en-
try of the second DNA strand during S phase. It remains unclear
how this model would ensure that the first DNA does not simply
escape when the second DNA is captured by the ring, and it also
remains unclear what might prevent three or more DNA strands
from entering the ring. One possible explanation is that the repli-
somemight pass through the large pore of previously loaded co-
hesin (Figure 7C), which would preclude any requirement for a
second ring opening event, and would also help coordinate the
establishment of cohesion with the local passage of a replication
fork (Lengronne et al., 2006). However, we have demonstrated
that cohesin is easily pushed along DNA by the motor protein996 Cell Reports 15, 988–998, May 3, 2016FtsK, which is only 13 nm in diameter, but FtsK itself does
not appear to be capable of passing through the cohesin pore.
This finding strongly suggests that it would not be possible for
the entire replisome to fit through the ring interior without
invoking a replication-coupled mechanism for ring opening or
other large structural reorganization. Nevertheless, if the replica-
tion fork cannot pass through the cohesin ring, a second ring
opening event and repositioning of cohesin behind the fork
would be required to prevent stalling replication when forks
converge. Such repositioning has also been proposed for nucle-
osomes (Annunziato, 2005) and, in the case of cohesin, would be
expected to concur with acetylation of Smc3 by a fork-associ-
ated acetylase (Song et al., 2012).
Alternative models, such as the handcuff and bracelet models,
have also been proposed for chromosome cohesion involving
DNA strands that are bridged by multiple molecules of cohesin
(Huang et al., 2005; Nasmyth, 2011). These models are all
consistent with cohesin adopting a more rod-like structure (Fig-
ure 7D). An additional attraction of these models is that they
invoke the formation of higher-order cohesin structures, in which
each individual cohesin is bound to just one DNA molecule,
which eliminates any need for a second DNA loading event.
Instead, cohesion is established through protein-protein interac-
tions between cohesin complexes that are bound to two different
DNA molecules (Eng et al., 2015). Interestingly, remarkably
similar models have also been reported for MRN, and the rod-
like architecture of MRN allows it to bridge broken DNA mole-
cules so that they can be more easily repaired by non-homolo-
gous end-joining (NHEJ) (Moreno-Herrero et al., 2005). Indeed,
AFM studies have directly revealed the existence of DNA mole-
cules bridged by rod-like MRN complexes in a conformation
akin the handcuff model for cohesin (Moreno-Herrero et al.,
2005). Future studies will be necessary to determine if cohesin
is capable of forming similar DNA-bridging interactions.
Conclusion
The results reported here directly visualize the interactions of sin-
gle-cohesin complexes with DNA. We were able to observe the
topological loading of cohesin onto A/T-rich DNA, and we were
able to directly visualize and quantify the diffusive characteristics
of cohesin on both naked DNA and DNA bound by protein obsta-
cles. Our results reveal that the functional pore size of cohesin in
its DNA-bound conformation is larger than 10.6 nm but less
than 19.5 nm. A crucial implication of these findings is that
the smaller-than-anticipated pore size for cohesin will greatly
constrain its effective diffusivity and limits the potential for diffu-
sive spreading by orders of magnitude in a physiologically
crowded setting relative to naked DNA. Importantly, our findings
of restricted diffusion across obstacles are inconsistent with
prevalent models that suggest cohesin binds DNA in a large
ring conformation and instead agree with amodel in which cohe-
sin adopts a more collapsed, perhaps rod-like, conformation
when it is bound to DNA.
EXPERIMENTAL PROCEDURES
Cohesin and Mis4/Ssl3 loader were expressed and purified as described pre-
viously (Murayama and Uhlmann, 2014). Complexes were characterized in
DNA binding and ATPase assays as described elsewhere (Murayama and
Uhlmann, 2014; Onn and Koshland, 2011). For single-molecule experiments,
proteins were labeled with quantum dots conjugated to antibodies against
epitope tags. Single-molecule cohesin experiments were conducted in a
buffer containing 40 mM Tris-HCl (pH 7.5), 30 mM KCl, 25 mM NaCl, 1 mM
MgCl2, 1 mM DTT, and 1 mg/ml BSA at 32
C. In experiments requiring the
visualization of DNA, the sample buffer was supplemented with 0.23 glucose
oxidase/catalase, 0.8% glucose and 0.15 nM YOYO-1. Flow cells were con-
structed by nano-fabricating chromium barriers on a glass slide and assem-
bled into flow chambers using double sided tape (Greene et al., 2010). DNA
substrates were cloned, propagated in bacteriophage l, generated in large
quantity by lytic growth, purified, and end-tagged with biotinylated or digoxi-
genylated oligos. DNA molecules were anchored to the surface using biotin-
streptavidin interactions on a surface-deposited lipid bilayer. For experiments
in the absence of flow, the free DNA ends were anchored to chromium pedes-
tals 12 mm downstream of the barriers using digoxigenin-antibody interac-
tions. Microscopy was performed on a prism-type TIRF microscope equipped
with a 488-nm laser and a microfluidics system that allowed the injection of
sample and rapid exchange of buffers. Videos were recorded at 60, 100,
200, or 500 ms temporal resolution and analyzed using custom software in
Igor Pro. Detailed methods are available in the Supplemental Experimental
Procedures.
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